The availability of weapon systems such as fighter aircraft, battle tanks and warships during high intensity conflicts becomes low. In this paper the availability of fighter aircraft with five major subsystems (structures, engine, avionics, electrical and environmental) are considered. This depends mainly on attrition factors (failure due to unreliability and failure due to battle damage) and logistic delays, which affect repair process. We develop a simulation model considering the fighter aircraft as the weapon system for arriving at transient solutions for availability with logistic delays. The methodology is based on discrete event simulation using Monte Carlo techniques. The failure time distribution (Weibull) for different subsystems, repair time distribution (exponential) and logistic delay time distribution (lognormal) were chosen with suitable parameters. The results indicate the pronounced decrease in availability (to as low as 20% in some cases) due to logistic delays. The results are however sensitive to the reliability, maintainability and logistic delay parameters.
Introduction
Availability of weapon systems during high intensity conflicts is essential from the point of view of winning the battle. Maintaining a high level of availability of weapon systems such as aircraft, battle tanks and warships becomes difficult during campaigns. The availability of these weapon systems decreases to a low level within the first few days of the battle [1] . This is mainly due to logistic delays affecting the repair process and attrition factors such as failure due to system unreliability and failure due to battle damage. Battle damage failures occur because of the nature of the conflict. In an earlier paper we developed a simulation model for availability of weapon systems under battlefield conditions considering only one repair level without logistic delays. Further the weapon system as a whole i.e., the aircraft as an entity, was considered. In a study of battle tanks, Kessler has analysed the loss rate due to battle damage of tanks and the maintenance requirements in wartime through a simulation to arrive at logistic requirements using exponential distribution [2] .
Emerson has discussed the capability of airbases to generate effective combat sorties and some improvement options, which could increase the combat capability of airbases during wartime [3] .
The simulation model developed here considers the fighter aircraft as the weapon system. The failure of the aircraft may be due to failure of any one of its five major subsystems namely structures, engine, avionics, electrical and environmental. Since the reliability parameters of the subsystems vary, the reliability related failures for these subsystems is assumed to occur in the proportion . Here 1 α corresponds to the fraction of the system failure due to the unreliability of the structures, 2 α that of engine, 3 α that of avionics, 4 α that of electrical subsystems and 5 α corresponds to the fraction of the system failure due to the unreliability of environmental subsystems. Considering the vulnerability of these subsystems in battlefield conditions, the failures due to battle damage are modelled to occur in the proportion . Here 1 β corresponds to the fraction of system failure due to the battle damage of the structures, 2 β that of engine, 3 β that of avionics, 4 β that of electrical subsystems and 5 β corresponds to the fraction of system failure due to the battle damage of the environmental subsystems. (We assume that all aircraft are repairable, though in practice a few may be scrapped.)
In practice, failures may be happening as multiple events caused by a single event such as fire in the engine. Multiple events may cause damage to several subsystems such as engine, structures and electrical subsystems. We however, treat the failure as separate events occurring to these subsystems. We assume that the failure is due to one main subsystem, which triggers the other events. In the present paper we are not considering conditional probabilities or Bayesian approach for failures since the required data are not available to the present authors.
In order to restore the failed aircraft they have to be repaired. The repair process can be at different levels such as field level, intermediate level and depot level. The failed subsystem may require minor repair, partial repair or major repair. If the repair work is of minor nature then it may be performed at the field level. The repair in some cases may be done at the intermediate level. The major repair is performed at the depot level [4] .
If the spare parts required are not in stock, they may have to be transported from another source such as a nearby depot or a local supplier. Therefore the logistic requirement in terms of spares or maintenance crew or equipment, at all the repair levels may entail logistic delay for the repair process. Since the paper addresses the logistic delay in general, as due to spares or maintenance crew or equipment, though in practice all the three factors may not play a large part in any given situation, a logistic delay term is included.
Methodology
The simulation methodology is based on discrete event simulation (DES) using Monte
Carlo technique [5] . Since the structures, engine and environmental subsystems are mechanical in nature, failure rates are not treated as constant but age related; therefore it is appropriate to use Weibull distribution as the failure time distribution. For electrical subsystems also the Weibull distribution is employed as the failure time distribution as electrical subsystems often include mechanical components. Avionics consists basically of electronic components; therefore exponential distribution for failure time is considered appropriate [6, 7] .
The repair process may follow either exponential distribution or lognormal distribution but in the present paper we consider only exponential distribution for the repair process [7] . Since logistic delays are found to have long tail distributions, a lognormal distribution is applied for modelling logistic delays [4] .
The probability density functions and the reliability functions of these distributions are as follows:
Exponential distribution:
where λ is the failure rate.
Weibull distribution:
Reliability function :
where n is the shape parameter and 0 t is the characteristic life or scale parameter. Log-normal distribution: Probability density function:
where µ and σ are the mean and standard deviation of the normally distributed The simulation model is developed as follows.
Failure time distribution
), (t f due to system unreliability is considered to be a mixture of Weibull distributions, i.e., 2. The fraction of the system failure due to battle damage of the i th subsystem
The values of i α 's as well as i β 's are deduced from historical records or based on expert opinion available to the authors. 5. The logistic delay in procuring spares or crew or equipment at the repair shops is modelled as lognormal with different set of parameters for the three repair shops.
We treat the logistic delay as an aggregate model since we do not have specific data for delay due to spares, crew or equipment separately. The parameters of the lognormal distribution will be derived from the 50 th ( 50 M ) and 80 th ( 80 M ) percentiles of the corresponding distributions which are estimates provided by experts [7] .
In the simulation, the random variates are generated using inverse transform method [9] . Since the reliability function of the exponential distribution is in the closed form, inverse transform method is applied directly for generating random variates from this distribution. As the lognormal distribution does not have a closed form expression for the reliability function the direct application of the inverse transform method is difficult. Therefore the transformation due to Marsaglia and Bray is used to generate random variates from the lognormal distribution [10] .
Structure of Simulation
The simulation structure is based on the state transition diagram as given in Fig. 2 .
The aircraft in service and the aircraft in repair are considered as two separate states.
The failures due to unreliability and battle damage are the transitions that take place for the aircraft in service state to the aircraft in repair state. At the repair state the failed item may require minor repair, partial repair or major repair. If the requirement is minor repair then transition will be to the field repair shop, if it is partial then the transition will be to the intermediate repair shop and in the last case transition will be to the depot repair shop. Therefore from the aircraft-in-repair state, transitions take place to one of aircraft-in-repair shop states. Transition may take place with the subsystem moved from one repair shop to another due to lack of spares/crew/equipment at that shop.
A
Implementation
The implementation is illustrated with the flow chart in Fig. 3 . The simulation is implemented with an initial figure of three hundred fighter aircraft (which can be varied) with the assumption that all of them are in in-service condition on the first day. Though the number of sorties to be generated would be need based, in the present simulation three sorties per day for each aircraft were considered. For illustrative purpose the sortie duration (flying hours) is taken to be three hours and the simulation interval is taken as one day, i.e., twenty-four calendar hours (The number of aircraft, number of sorties per day and sortie duration can be varied in any simulation experiment.) The battle damage rate is varied from first day. It usually decreases with number of days and here the rate of decrease is implemented as user input.
In the simulation, the aircraft is considered to be failed (or not available) if any one of the subsystems fail. In a sortie, the possibility of failure of only one subsystem is considered (However, in actual practice several subsystems can fail in one sortie due to common cause failures such as fire in the cockpit/fuselage.) Further, the failure can be either due to battle damage or due to unreliability. Using simulation run, the possibility of battle damage is evaluated first. If this does not occur, the simulation run is continued for finding the possibility of failure due to unreliability.
For considering the failure due to battle damage we generate a uniform random variate 1 u and compare it with the battle damage rate assumed for that particular day. , that due to failure of electrical subsystems otherwise the failure will be due to failure of environmental subsystems.
If there is no failure due to battle damage then the possibility of reliability related failures is simulated by generating a uniform random variate 3 u . If the reliability computed from equation (4) with appropriate parameter values for the subsystem selected is less than 3 u , we consider the failure is due to the unreliability of the chosen subsystem. We assume that the preventive maintenance (PM) is carried out at time intervals denoted by TBO, the Time Between Overhaul (T). The time elapsed from the previous overhaul or preventive maintenance action is generated randomly in the interval (0, T) for that subsystem. This is generated only once for the five subsystems considered for each aircraft on the first day before the simulation and this is taken as the age ) (τ of the subsystem on the first day before flying. For the purpose of calculating reliability at the end of each sortie, the age (in flying hours) t of the subsystem is updated by adding sortie duration toτ . To find out which subsystem is failed due to unreliability, a similar exercise is carried out as in the case of battle damage failures with β 's replaced by α 's and using a new uniform random variate 4 u .
When a particular subsystem fails, it is simulated for the kind of repair required. The failed subsystem is classified as requiring minor repair, partial repair and major repair. γ γ + the repair will be major. If the repair is minor, it will be performed at the field repair shop, if it is partial, the repair will be done at the intermediate repair shop and the major repair will be carried out at the depot repair shop. The repair time is then generated from the exponential distribution considered for that type of repair.
At each level of repair, the need for logistic requirement is simulated using a uniform random variate 6 u . If 6 u is less than 0.5 (which is arbitrary), we assume there is no logistic requirement at that repair shop, otherwise we assume that logistic requirement is needed. When required, the logistic delay time is generated from the lognormal distribution considered for that repair shop and is added to the repair time to get the actual repair time.
The number of aircraft available at the end of the day is decided on the basis that the aircraft has failed or not, and if failed, whether it is repaired and made available within that day (24 calendar hours). [This approach can be modified by taking the simulation interval as 12 hours, 8 hours as required]. This is done by comparing the actual repair time with the time available on that day since the time of failure. If the actual repair time exceeds the time available on that day, it is considered not available at the end of that day and we check to find the day on which it becomes available and consider accordingly. The number of available aircraft at the end of each day is obtained by subtracting the number of aircraft not available at the end of that day from the number of aircraft available on that day. Then the availability is calculated as the ratio of the number of aircraft available at the end of the day to the initial number of aircraft deployed for battle at the start of the simulation.
Simulation Results

Parameter Values
Since this subject is highly sensitive and not much data are available in the open literature or through other historical sources to the present authors, the choice of parameters for input variations is based on expert opinion, relevant reports and interaction with user groups [11, 12] . The values used here are considered typical and indicative of the battlefield conditions, which could however vary widely in different conflicts. The purpose here is to illustrate the methodology and not to provide specific results for certain battlefield conditions.
In Table 1 , the set of TBO used in the simulation, the corresponding α and β values are given. The i α 's for unreliability related failures were based on internal reports
[11]. The i β 's for battle damage failures were based on the battle damage occurred for the five subsystems in the Vietnam War [12] . The γ values for all the subsystems at each repair level is based on expert opinion and is provided in Table 2 .
In Table 3 , the Weibull parameters for the five subsystems are provided which are considered typical for age related failures of these subsystems. The characteristic times for the Weibull distributions were considered at two levels: minimum and maximum. The shape parameters were kept constant since it depends mainly on failure mode. For structures the shape parameter is takes as 3.4 in which case the Weibull distribution is close to the normal distribution [13] . For engine and environmental subsystems it is taken as 2.0; (in this case the Weibull distribution corresponds to the Raleigh distribution). The shape parameter for avionics is taken as 1.1, which is close to the exponential distribution.
As a typical example, the battle damage rate is taken as the number of aircraft damaged per one thousand sorties as 20 on the first three days and 15 from fourth day to the end of the second week and 8 per thousand sorties from the second week to the end of the simulation, 60 days. The repair time distribution parameter at the three repair levels was considered in two cases, which are labeled as optimistic and pessimistic ( Table 4 ). The 50 th and 80 th percentiles of the lognormal distribution for logistic delay times are provided in Table 5 . 
Results
The simulation results are shown as graphs of availability vs. battle day for the data used in the simulation. In the figures the availability of the fighter aircraft with and without logistic delay are shown (Figures 4 to 7) . To comprehend the effect of logistic delay on the availability, the availability figures at the end of 1, 7, 14 and 60 th day
were analysed (Table 6 ). It is seen from the availability graphs that assuming no logistic delay the availability decreases to nearly 40% of the initial number deployed on the first day. If logistic delays are included at the repair levels then the availability is likely to reduce to 20%, a difference of nearly 20%. Further we see that the separation between the two curves corresponding to with and without logistic delay decreases when the repair time distribution parameters become pessimistic, in which case the logistic delay has less effect on availability.
From the availability figures provided in Table 6 , we see clearly the effect of logistic delay. The best availability figures correspond to the case for which the Weibull parameters (characteristic time) being maximum, the repair time parameters is pessimistic and there is no logistic delay. The worst availability figures correspond to the case of the Weibull parameters being minimum, the repair time parameter is pessimistic and there is no logistic delay. Comparing the best and worst possible situations, we see that the availability decreases from 71% to 41% at the end of first week, a difference of 30%. At the end of second week this difference comes down to 40%, which could cause a serious concern for the military decision-makers. In the steady state (at the end of 60 days) the availability becomes 45% in the best case and 20% in the worst case.
Discussions and Conclusions
The simulation model developed in the present paper enables estimation of availability of aircraft (with five subsystems) at three repair levels under battlefield conditions. The input conditions can be varied to simulate specific battle conditions and combat operations as well as the number of subsystems considered. The significance of the model is that logistic delays are included in the repair process. It can be seen that logistic delay reduces the availability to a large extent.
The simulation results are sensitive to the input distribution parameters and the model assumptions. Since the data available to us is meagre and is also of sensitive nature,
we have tried to input parameters, which are typical and gathered from experts in the field. Therefore the results as such may not apply to all situations but are only indicative and help to bring out the usefulness of this simulation approach. However, the simulation results definitely indicate that during high intensity conflicts the availability of weapon systems becomes low within the first few days of the battle itself. This may lead to tactical decisions such as abandoning or postponement of certain combat operations or the need for reinforcement of weapon.
Since specific data on battlefield conditions are sparsely available for recent conflicts, the results obtained can only be validated with expert opinions. This limitation is always felt in this field of combat related simulations.
The simulation model can be used to consider the effect of operational parameters such as reducing the logistic delay and improving the maintainability which will vary the input parameters.
The model developed here can be suitably modified and applied to other weapon systems such as battle tanks, artillery guns and warships.
